Time resolved electron paramagnetic resonance ͑EPR͒ measurements on a photoexcited chromium doped forsterite ͑Cr:Fo͒ single crystal are reported. The spectral changes with time, magnetic field, crystal orientation, microwave power and, in particular, photoexciting wavelength, provide a selective picture of the various chromium dopants and the absorption-relaxation cycle associated with each optical excitation. Both Cr ϩ4 ions lodged at tetrahedral ͑Td͒ and octahedral ͑Oh͒ sites as well as Cr ϩ3 ions are detected. In particular, the laser-EPR technique enabled us to monitor the spin dynamics associated with the lasing center ͑Cr /Td ions, exhibit a noticeable dependence on even small changes ͑ϳ0.5 nm͒ in the exciting wavelengths that correspond to the visible 3 A 2 → 3 T 1 and the near infrared 3 A 2 → 3 T 2 transitions. The transient magnetization associated with each absorption-relaxation cycle is quantitatively analyzed in terms of site selectivity due to the narrow band ͑i.e., low intensity͒ microwave detection following a narrow band optical excitation. Given this observed selectivity, it is suggested that laser-EPR may be employed to study intersite interactions and site structure versus optical function relationships in forsterite as well as other solids doped with transition metal ions.
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I. INTRODUCTION
Tunable solid state lasers, such as chromium doped forsterite ͑Cr:Fo͒, derive their broad luminescence and absorption bands from the interaction between the doped transition metal ion and the crystal field. However, owing mainly to this interaction the optical spectra of such lasers often lack the resolution required for diagnostic characterizations like dopants and sites determination. It is not surprising though, that electron paramagnetic resonance ͑EPR͒ has had an important role in recognizing the unique lasing center in Fo as Cr ϩ4 ions substituting, as believed, Si ϩ4 ions in tetrahedral sites. [1] [2] [3] Further, EPR studies indicated an inhomogeneity in the tetrahedral sites, which was attributed to distortions induced by the chromium insertion. 4 Considering the complexity of the forsterite system we further aim to establish a specific correlation between the excited lasing states and the EPR signals, and to closely monitor the spin dynamics associated with the lasing action by applying time-resolved optical EPR techniques. The EPR of photoexcited systems ͑laser-EPR͒ introduces a time-resolved detection of short-lived paramagnetic species in various spin states. 5, 6 In addition, this technique often provides valuable information on transient phenomena such as spin polarization and coherency, and enables magnetophotoselectivity. 5, 6 Thus, laser-EPR may serve as a complementary method whenever the optical techniques result in broad overlapping signals which make it difficult to identify the various species involved in complex systems such as Fo. Time-resolved direct detection EPR studies of excited states in transition metal ions are virtually nonexistent and would be expected to be especially challenging considering the number of the paramagnetic levels in Cr:Fo, and their fast relaxation rates, especially since some of them are fluorescent. 7, 8 In the present work we employed pulsed laser excitation combined with X-band EPR direct detection of a Cr:Fo single crystal at liquid helium temperature. This technique enabled us to monitor the spin dynamics associated with the lasing center in the time regime of 200 ns-100 ms following a selective photoexcitation of the crystal between 532 and 1064 nm. The technique also facilitates a selective transient detection of the other Cr species in Fo, very likely including light-induced Cr ϩ4 ions occupying octahedral ͑Oh͒ sites which were not identified unambiguously by any other method. 4, 9 In other words, the characterization of the various Cr species by the laser-EPR method becomes feasible due to their completely different dependence on both the excitation wavelength, the detection time scales, and the microwave power. In particular, the transient EPR signals associated with the lasing Cr ϩ4 ions lodged in tetrahedral ͑Td͒ sites, exhibit a conspicuous dependence on the exciting wavelength both in the visible and near-infrared ͑NIR͒ regions that correspond to the 3 A 2 → 3 T 1 and 3 A 2 → 3 T 2 optical transitions, respectively. The transient magnetization associated with each absorption-emission cycle is quantitatively analyzed in terms of the ability of the narrow band microwaves to selectively detect particular sites, following a narrow band optical excitation. ͑More precisely, by narrow band microwaves we refer to the weak microwave magnetic fields as discussed in Sec. III.͒ In Sec. II we give experimental details. The theoretical model for analyzing the time-resolved optical EPR signals is given in Sec. III. The results and discussion are given in Sec. IV with a summary in Sec. V.
a͒ Author to whom correspondence should be addressed.
II. EXPERIMENT
The Cr:Fo single crystal used in this study was grown by M. Higuchi ͑Department of Materials Science and Engineering, Cornell University͒, by the floating zone method in an atmosphere of 83% oxygen and 17% argon. The precursor powder of 0.01 Cr/Si was prepared by J. L. Mass ͑Depart-ment of Chemistry, Cornell University͒. The chromium concentration of the single crystal was 310 ppm ͑4.26ϫ10 18 
cm

Ϫ3
͒ as determined via a neutron activation analysis. The crystal appears green, blue, and purple when viewed along the a, b, and c crystallographic axes, respectively. The detailed description of the crystal growth and characterization was published elsewhere. [10] [11] [12] [13] The Cr:Fo crystal ͑9ϫ4ϫ2 mm 3 ͒ was mounted onto a Supersil quartz holder, with the crystal axis a ͑Pbnm notation͒ parallel ͑by eye͒ with the holder long axis. Rotation of the crystal about its a axis allowed the external magnetic field, B, and the light propagation axis to be aligned in the bc plane. Thus, at zero rotation the crystal b axis is parallel to B and the laser light propagates parallel to the c axis. Most of the experimental data presented in this work was recorded while the angle between b and B was kept at 60°. At this orientation the XY transition of Cr ϩ4 /Td has its resonance at about 1300 G, which is well separated from signals associated with the other dopants.
The temperature was maintained at 3 K, using a continuous flow cryostat ͑Oxford Instruments ESR 10͒. The crystal in the microwave cavity was photoexcited at the fundamental ͑1064 nm, Ͻ1 cm Ϫ1 bandwidth͒ and at the second harmonic ͑532 nm, Ͻ0.2 cm Ϫ1 bandwidth͒ of a Nd:YAG laser ͑Quanta Ray DCR-1A, repetition rate 10 Hz, ϳ10 mJ/pulse͒. Photoexcitation at 550-900 nm ͑Ͻ0.2 cm Ϫ1 bandwidth͒ was carried out with a dye laser ͑Quanta Ray PDL-1͒ pumped by the second harmonic of the Nd:YAG. The excitation wavelengths correspond to transitions from the ground state, 3 A 2 , into the 3 T 2 and 3 T 1 excited manifolds of Cr ϩ4 /Td in forsterite. 14, 15 Laser excitation time-resolved cw-EPR direct detection measurements were carried out on a Bruker ER-200D SRC spectrometer with the field modulation disconnected. The EPR signal was taken from the preamplifier just after the diode detector and fed into a digital oscilloscope ͑Tektronix TDS 520͒ synchronized with the laser. 16 Kinetic traces from each magnetic field position were acquired and stored. The transient spectra at different times after the laser pulse and with respect to the external field were constructed from these kinetic profiles. 16 By subtracting the signal prior to a laser pulse the contribution from any cw signal is removed. The repetition rate was adjusted so that the signal had returned to equilibrium prior to the next laser pulse. The spectra were compared, on-line, with the corresponding steady-state EPR spectra ͑with the field modulation connected͒ to confirm resonance positions and stability. Site selective spectra were acquired by fixing the magnetic field on one of the Cr ϩ4 /Td resonance peaks at a certain orientation, while scanning the dye laser through a definite range and monitoring the transient magnetization obtained at each wavelength. The reproducibility of these excitation spectra was checked by employing various scanning rates and by scanning the dye laser grid back and forth through the desired range. The excitation spectra were also compared with the distinctive kinetic traces acquired at each pumping wavelength.
III. TEMPORAL ANALYSIS
A. Qualitative description
Tentatively, the temporal behavior is described in terms of spin polarization and the excitation-emission cycles at each wavelength ͑cf. Fig. 1 , Scheme I͒. This scheme reflects the effect of the crystal field variation among different subsets of ions on the inhomogeneous laser excitation. Such an effect was previously demonstrated for Cr ϩ4 in forsterite by the occurrence of multiple lines in the NIR fluorescence line narrowing ͑FLN͒ spectra obtained via Zeeman optical measurements. 3, 17, 18 Although the exact nature of the tetrahedral site distortion is not completely clear yet, 4, 15 we will adopt here the notation of C 2v orthorhombic distortion. 15 The effect of the C 2v distortion is to split the excited states such that the second excited state, 3 At 9.4 GHz we essentially detect a two-level system due to the large ZFS parameter Dϭ64.26 GHz. 4 Before the laser pulse, the system is thermalized, but upon firing the laser, the spin polarization emerges as a result of the selection rules associated with the optical pumping and the decay processes. According to Scheme I two main processes, direct and indirect, should be taken into account regarding the spin polarization and the evolution of the transient magnetization:
͑i͒
The direct depopulating process of the detected X and Y ground state sublevels: In the case considered in Scheme I, an immediate ͑on the EPR time scale͒ spin polarization emerges due to the selective photoexcitation to the higher triplet ͑ 3 B 2 ͒ of the second excited state
The delayed indirect populating process of the detected levels: Within a few nanoseconds after the laser excitation pulse, the photoexcited 3 T 1 state relaxed nonradiatively to the lower excited triplet state ͑ 3 T 2 ͒, and from there via fluorescence ͑ f Х30 s at 10 K͒ 15, 20, 21 or nonradiative processes back to the ground state. Therefore, according to this scheme the detected X and Y sublevels may be repopulated via at least six different such routes ͑possibly associated with different rates͒. The final detected population may have originated from two distinct sources, i.e., the original X and Y sublevels, and also the Z ground state sublevel. It is anticipated that the effects of site variation in the ground state will mainly show up in the signals arising via the indirect process, since only this process will involve the Z level, which should be most sensitive to the crystal distortions. 4, 21, 22 Due to the Boltzmann distribution at 3 K, which preferentially populates the ground Z level ͑since Dϳ3 K͒ the route originating from the Z ground state sublevel proceeding via the indirect process into the detected levels becomes even more important.
B. Quantitative description
Using Pedersen's modified Bloch equation formulation, the temporal behavior of the magnetization, M (t), which includes spin relaxation and polarization effects as well as the optical relaxation, is given by
where
and f (t) depends essentially on the instantaneous spin concentration, n(t), and will be discussed in detail below. All the other terms have their usual meaning. Formally, Eq. ͑1͒ is similar to the case of ''slow radical decay'' of Pedersen and hence can be solved by separating the magnetic and kinetic effects by the use of a Laplace transformation. 23 Therefore, for the short laser pulse case, i.e., pulse ӶT 1 , there will be a nonequilibrium initial value of M z ϭm 0 , and the y component of M will be given by
where g y (t) is the solution of the magnetic part in Eq. ͑1͒ ͓i.e., when only the first term on the right-hand side of Eq. ͑1͒ is kept͔, and f (t) represents the kinetics of the Cr:Fo according to Scheme I as discussed below. The asterisk in Eq. ͑2͒ implies a convolution. Given the observed oscillatory behavior of the transient magnetization of the Cr ϩ4 /Td ions, the term g y (t) is given in terms of Torrey's underdamped solution of the Bloch equations
FIG. 1. Scheme I represents the excitation and decay cycles as detected by EPR following laser excitation ͑about 560 nm͒ of Cr ϩ4 /Td ions doped in forsterite. The direct and indirect processes involved with the transient EPR signals are indicated. Scheme II is a simplified presentation of Scheme I, which describes the kinetic processes that occur at times longer than the laser excitation pulse ͑10 ns͒. The 1 E level is not shown ͑cf. Sec. III͒.
and ⌬ϭϪ 0 , with the applied microwave frequency and 0 the resonance frequency. Implied in Eq. ͑3͒ is an assumption typical of the solid state that T 1 ӷT 2 . Indeed, typical T 1 values for octahedral Cr ϩ3 ions doped in various crystals at helium temperature are between 1 and 500 ms. 25 Our steady-state measurements on forsterite show that at the experimental temperature Cr ϩ4 /Td is saturated at much lower microwave powers than even the Cr ϩ3 /Oh. Thus, the temporal behavior of the transient magnetization should mainly depend on T 2 . Since the Cr ϩ4 /Td signals return to equilibrium within a few milliseconds ͑T 1 mechanism͒ it could be safely assumed that T 2 Ͻ100 s. Assuming T 2 Ͼ1/2 1 ͑un-derdamping͒, the lower limit for T 2 is 0.7 s.
The actual expression for f (t) could be obtained from the appropriate rate equations. Considering the relatively slow EPR time scale and neglecting any excited state absorption effects, Scheme I may be simplified as shown in Scheme II ͑Fig. 1͒. According to Scheme II at tϭ pulse Ϸ0 ϩ both the ground and the lasing state sublevels are spin polarized. These spin polarized populations depend on the initial Boltzmann factors of the ground state sublevels, the relevant transition probabilities for absorption, and the relevant internal conversion rates. Therefore, the rate equation for the indirect path populating the pth ground state from the qth excited state sublevel is given by
where the depopulation of the qth lasing state sublevel is given by
where k p q ϭ1/ p q . The solution of Eq. ͑4b͒ is
and the rate at which the buildup of the population difference for the EPR detected X -Y transition occurs is
͑6͒
Inserting Eq. ͑6͒ into Eq. ͑2͒ we get
Since the various preexponential parameters in Eq. ͑7͒ are indistinguishable experimentally, the transient magnetization will be calculated according to
The typical linewidth in solid state EPR is often comparable to or even larger than the microwave field B 1 . In such a case the microwave irradiation is often considered as a narrow band excitation over the broadened line, and the expression for the transient magnetization may be obtained by summing over all contributions 24, 26 I͑t ͒ϭ ͵
where h( 0 ͒ represents the cw spectral lineshape, and that M y (t, 0 ͒ depends on 0 via ⌬ϭϪ 0 . The exact effect of inhomogeneity depends however, on the particular lineshape. In the limit of a very large linewidth and excluding very short times, i.e., ⍀tу1, an analytical solution was introduced via a damped Bessel function of zeroth order. 24, 26 Alternatively, the explicit lineshape, h( 0 ͒, can be inserted into Eq. ͑8͒ and I(t) is then computed numerically. In the actual calculation the effects of site distribution on both the ground and excited states were further taken into account, as will be discussed in Sec. IV. The best fit procedure utilized a nonlinear minimization function that is based on a principal axis method. 27 In this way the gradients of the various functions were not required.
IV. RESULTS AND DISCUSSION
For a coherent presentation we first show a typical cw EPR spectrum of Cr:Fo at 3 K ͑Fig. 2͒. The spectrum consists of a broad signal located around 1700 G, which at the experimental crystal orientation is typical of Cr ϩ4 ions located in tetrahedral ͑Td͒ sites, with narrower signals associated with the Cr ϩ3 ions, as well as weaker unresolved signals. Due to the long spin relaxation times of the paramagnetic ground states at helium temperature such spectra suffer from saturation effects resulting in distorted absorption and dispersion signals which further complicate their analysis. However, the transient EPR spectra obtained via the optical EPR technique are quite different, as can be seen from Eq. ͑3͒. Figures 3 and 4 show the time evolution of the EPR spectra of Cr:Fo selectively excited at 532 and 1064 nm at two crystal orientations. These are much simpler spectra than the conventional steady-state ones observed at helium temperature ͑Fig. 2͒. In particular, the transient spectra only consist of signals associated with the optical excitation. Note that the absence of signal at 100 ns after the laser pulse is due to a combination of the dead time, and the natural time it takes to build up a transient nutation ͓cf. Eq. ͑3͔͒. The strong and broad signals observed at the higher fields ͓about 1300 G in Figs. 3͑b͒ and 4͑b͔͒ and the higher field portion of the signal in Figs. 3͑a͒ and 4͑a͒ are associated with the Cr ϩ4 lasing center. The signals at lower fields ͓around 1115 G in Figs. 3͑b͒ and 4͑b͒ and the lower field portion of the signal in Figs. 3͑a͒ and 4͑a͔͒ are tentatively attributed to Cr ϩ4 ions located at octahedral sites, due to their dependences on the temperature, microwave power, the crystal orientation with respect to the external magnetic field, and the exciting wavelength. 28 Comparison of cw spectra prior to and after laser irradiation, revealed that the signals attributed to Cr ϩ4 /Oh are induced by the laser at low temperatures. However, once formed, these signals are persistent for even an hour after the laser is turned off, and they disappear upon warming the sample to room temperature. In this paper we focus on the signals from the Cr ϩ4 /Td ions, and the characterization of the other Cr ϩ4 species will not be dealt with in this report. However, it is very clear from the figure that in addition to their different dependence on the crystal orientation they exhibit distinct dependence on the exciting wavelength. Whereas the signal associated with the Cr ϩ4 /Td centers are stronger when employing NIR excitation ͑ϭ1064 nm͒, those attributed to the Cr ϩ4 /Oh ions are better detected following visible excitation ͑ϭ532 nm͒. Moreover, the two types of signals are characterized with a different temporal behavior, as will be discussed below. On employing lower microwave power and longer detection times after the laser excitation pulse at 532 nm, the Cr ϩ3 spectrum is obtained ͑not shown͒. In other words, the laser-EPR technique enables a selective transient detection, hence it facilitates the characterization of the various Cr species in forsterite, due to their distinctive dependence on the excitation wavelength, the detection time scales, and the microwave power.
A. Dopant selectivity
B. Site selectivity
We shall confine our attention to the Cr ϩ4 /Td lasing centers, for which the transient spectra reveal a noticeable de- pendence of both the lineshape and the temporal behavior upon the exciting wavelength. Specifically, a phase inversion is detected about 1 s after the laser pulse at 1064 nm, which is not observed at 532 nm. Such an inversion may imply an oscillatory behavior as is indeed expected under certain conditions from the transient magnetization following photoexcitation. 29 We attribute the oscillatory behavior observed at short times ͑within the first 2 s after the laser pulse͒ to the direct depopulating mechanism, according to Eq. ͑3͒. Given, the lack of additional phase inversions, in spite of the weaker oscillations observed at longer times ͑not shown͒ this longer time behavior is ascribed to the delayed indirect populating process ͓cf. the second term in Eqs. ͑7͔͒.
Previous cw EPR work indicated an inhomogeneity in the tetrahedral sites, which was attributed to distortions induced by the chromium insertion into the lattice. 4 In order to relate the site distribution with the lasing tunability of Fo, and to exploit the selectivity of the laser-EPR technique, we monitored the dependence of the transient magnetization associated with the Cr ϩ4 /Td ions upon the excitation wavelength. However, optical measurements had previously indicated that even a narrow band visible excitation to the second excited state of the lasing center did not yield linenarrowed fluorescence essential for the analysis of excitation-emission cycles. 3, 17, 18 The observed broadening of the fluorescence was attributed to a loss of the site characterization during the nonradiative relaxation.
3, 30 We discuss below why we believe the optical EPR technique provides site selectivity.
In the present work the external magnetic field was fixed on one of the Cr ϩ4 /Td resonance peaks, and the dependence of the transient magnetization on the exciting wavelength was monitored while scanning the wavelengths of the dye laser through the 3 ions that were detected for the longer times. It should be pointed out that the Cr ϩ3 ions were not observed at short times ͑within 3 s͒ after the laser excitation pulse, possibly indicating that they are indirectly sensitized. However, we could not find any correlation between the wavelength dependence observed for the lasing center and the other chromium species that might imply any interaction between them within the detection time scales at 3 K. Alternatively, if Cr The dependence of the transient magnetization associated with the lasing centers upon the optical exciting wavelength can be further studied by analyzing the temporal response of the magnetization at each wavelength ͑Fig. 7͒. It is evident from Fig. 7 that the dependence on the exciting wavelength is quite apparent even over the series that is shown, which for display purposes employs a very limited pumping range. In particular, a change of the excitation wavelength by less than a nanometer already manifests itself in the magnetic resonance response, as can be seen by comparing the profiles obtained at 572 nm ͑1.748ϫ10 4 cm Ϫ1 ͒ and 572.5 nm ͑1.747ϫ10 4 cm Ϫ1 ͒, i.e., a difference of ϳ15 cm Ϫ1 ͑Fig. 7͒. Thus, the laser-EPR technique introduces enhanced selectivity, and the relatively broadband laser excitation that was used ͑ϳ0.2 cm Ϫ1 bandwidth͒ is more than adequate. Combining this selectivity with the nutational behavior observed at the shorter times after the laser exciting pulse, provides one with a sensitive spectroscopic tool. For example, the phase inversion of the first nutation observed at 570 nm ͑Fig. 7͒, is indicative of an abrupt increase in the transition strength for absorption of the ground state sublevel X as compared to the absorption from the Y sublevel. It is tempting to assume that a mixing of the 3 T 1 manifold with the close lying 1 E level ͑in tetrahedral symmetry, cf. Sec. III͒ is responsible for the sudden phase inversion, especially given that such an inversion only occurs when exciting to the 3 Analogous to the FLN technique, which introduces selectivity due to a very narrow photoexcitation, the laser-EPR method must be gaining its selectivity from the narrow microwave detection. The obvious comparison between the optical and microwave source linewidths, e.g., the laser bandwidth of 10 Ϫ2 cm Ϫ1 employed in FLN studies as compared to a microwave field of ϳ10 Ϫ5 cm
Ϫ1
, could be expected to account for the enhanced resolution of the latter. Note that the laser bandwidth employed in the current site selective measurements, i.e., 0.2 cm
, must be adequate for exciting mainly one ground state sublevel at each site, since the ZFS between the XY levels is greater than 0.3 cm
. 1, 4 Thus, it is not surprising that the direct depopulating mechanism ͑opti-cal excitation͒ is very site selective, as reflected by the phase inversion observed at short times. Nonetheless, the selectivity detected at longer times is less obvious and could easily be lost during the nonradiative relaxation between the 3 T 1 and 3 T 2 levels. Indeed, optical excitation of the 3 T 1 and 3 T 2 levels, employing the same bandwidth for both ͑or even a broader bandwidth for the 3 T 2 level͒, yielded a FLN signal only when the 3 T 2 level was directly pumped. 1, 3, 17 It has been suggested that the loss of site characterization, when pumping the 3 T 1 state and observing the nonresonant fluorescence from the 3 T 2 level, could be either due to the increased linewidth associated with nonresonant vs resonant fluorescence, or due to energy migration between different sites. 3, 31 This extra linewidth is believed to arise from the Table I. different dependences of the 3 T 1 and 3 T 2 energy levels on the various site-dependent crystal field distortions. However, in our EPR experiment the linewidth depends only on the site distribution of the ZFS of the XY ground state sublevels, and not upon the excited state broadening. Given the weak B 1 field we use we are able to be very selective. As far as energy migration is concerned, our time-resolved results showing selectivity over longer times ͑ϳ2-20 s͒ would indicate this is not an important factor. ͑Note that the FLN experiments were not time resolved, or else they should have been able to rule out the role of energy migration͒. This last conclusion is in line with the splitting in the luminescence spectra reported at zero magnetic field which indicates that direct pumping of the laser level, 3 T 2 , preserves the site characterization. 1, 3, 17 Further evidence for the site isolation is demonstrated by the quantitative temporal analysis at each exciting wavelength.
C. Quantitative temporal analysis
The analysis of the kinetic traces is based on the nutational response observed at short times after the laser pulse. Also, both the nutation frequency and the initial amplitude depend on the microwave power ͑Fig. 8͒. Although the frequency of oscillations generally corresponds to the expected transient nutations at the applied microwave field, a close inspection of the traces obtained, especially for those using high microwave power, reveals that the nutation frequency is slightly time dependent. Thus, attempts to fit the experimental curves according to Eq. ͑7Ј͒ resulted only in a general fit, especially at the higher microwave powers. At this stage we consider how to further include the effects of site distribution into our simulations.
When considering site distributions in photoexcited Cr:Fo, one needs to consider the distinct characteristics of the ground and excited states. Also, the site distribution effect may reflect the anisotropy of the sublevels with respect to the crystal distortions. The effect of site distribution on the ground state sublevels may be directly accounted for by summing the contributions from different sites to the observed magnetization. The site distribution in the excited state should be characterized in terms of a distribution of the excited states lifetimes as well as their relative contributions.
We first consider the contribution of the site distributions upon the ground state transient EPR signal. The relatively broad linewidth of the Cr ϩ4 /Td transient peaks, e.g., 35 G at half-maximum when taken within a few s after the laser exciting pulse, is most likely due to the effects of exciting many sites via the Z level. For example, introducing a broad distribution in the second term of Eq. ͑7͒ for qϭa substantially improves the fit. This appears to imply that many sites in the ground X or Y levels are populated by the indirect mechanism after photoexciting from the ground Z level. This suggests that it would be appropriate to replace the g Y (t) in the second term by the damped Bessel function 24, 26 for qϭa, and this was found to be the case. However, only a poorer fit was obtained when the direct depopulation of the detected transition, or the population originating from the X or Y ground state levels ͓corresponding to the terms in Eq. ͑7͒ where qϭb or c͔ were described in terms of the Bessel solution. Likewise, summing numerically over a Gaussian lineshape ͑for qϭb or c͒ improved the fit only when very small linewidths were introduced. We conclude therefore, that the site distribution in the ground state mainly contributes to the observed signals via the indirect process, presumably since the ground state Z sublevel is the most susceptible to the crystal distortions. 4, 19, 22 As to the X and Y ground state sublevels, the results suggest that the observed linewidth consists of contributions from many sites such that small difference in their EPR frequency implies only small difference in their overall optical and EPR properties. In other words, the observed EPR transients behave as a collection of isolated single lines. This is in line both with the observed wavelength selectivity as well as the microwave power dependence ͑see below͒. In addition, the anisotropy of the ground state sublevels with regard to the inhomogeneous broadening is in accordance with the cw EPR measurements at 34 GHz; whereas the peaks associated with the XY transition were found to be quite narrow when employing the higher microwave frequency, the ZX peaks, which are observed only at 34 GHz, were much broader. 4 The effects of site distribution on the excited states was checked by assuming additional contributions from either several discrete sites or from a continuous distribution. The best fits were achieved by assuming at least two distinct contributing sites for each excited state sublevel with a small Gaussian distribution over their lifetimes and a broader Gaussian distribution of the relative contributions from each site. Thus, the best fit curves superimposed on the experimental traces in Fig. 7 are a result of computer optimization of the following expression derived from Eq. ͑7Ј͒:
and ͐ Ϫϱ ϱ G(v)dv represents a Gaussian distribution in v. The parameters in Eq. ͑9͒ were restricted during the analysis to be within certain ranges. However, these ranges at best could only be estimated due to the lack of independent information about most of the parameters. The lower limit for the relaxation time T 2 was set according to the requirements presented in Eq. ͑3͒ for an oscillatory description of the transient magnetization at the lowest microwave power employed, i.e., T 2 у0.7 s. On the other hand, the only real restriction on the upper limit is that T 1 ӷT 2 . Since all experimental transients decayed within a few milliseconds, we first arbitrarily set an upper limit of T 2 р100 s. However, since most of the actual values obtained via the NLS fitting correspond to T 2 Ͻ5 s, we later restricted the upper limit to 5 s. Twice the estimated rise time of the spectrometer, i.e., ϳ200 ns, was set as the lower limit of the time constants of the indirect processes, p q . Setting the upper limit for the rate of these processes needs some further considerations. Basically, the detailed kinetic analysis was carried out on the transients detected within the first 20 s after the laser excitation pulse. However, strong transients could be detected over a more extended time scale up to a few milliseconds. The signals observed in the millisecond time scale are similar to those reported previously by EPR relaxometry measurements. 33 Setting a few milliseconds as the upper limit for the indirect time constants yielded satisfactory fits. Inspection of the best-fit values obtained revealed though, a very wide range of lifetimes of the excited state sublevels, spanning indirect populating processes with rate constants between the lower limit ͑200 ns͒ through time constants on the order of the fluorescence lifetime measured at 10 K, i.e., 30 s, 15, 21 and up to a few milliseconds. A simple model of close-lying energy levels associated with neighboring sites ͑cf. Fig. 1͒ cannot reasonably account for such a wide range, especially at the limit of the very long times. Possible mixing of the 3 T 1 levels with the closely lying 1 E level could account for long lifetimes, due to the spin forbidden transition from E 1 to the ground state. We tend however to eliminate this explanation, since to the best of our knowledge optical measurements did not reveal any clear indication for a 1 E→ 3 A 2 transition, in spite of several reports on such transitions in other Cr ϩ4 doped media. 34, 35 Moreover, it seems that the EPR signals we observed over the millisecond time scale at 3 K originate from Boltzmann equilibration ͑T 1 mechanism͒ together with possible saturation effects from the cw microwave field. Therefore the best fit results summarized in Table I were obtained after restricting p q to an arbitrary maximum value of 40 s. It should be pointed out that the fits were comparable to those obtained when the parameters were less restricted. The reasonable fits allow us to draw some qualitative conclusions.
Inspection of Table I shows two main ranges for the p q values. The best-fit results of the preexponential parameters A q are not shown since we cannot separate the physically significant components of the A q that appear in Eq. ͑7͒. The longer times ͑20-30 s͒ shown in Table I , are in accordance with the fluorescence times reported at 10 K. 15, 21 However, additional processes associated with much shorter times ͑0.2-10 s͒ seem to contribute frequently to the transient EPR traces. There are some indications of two types of NIR fluorescence, characterized by different lifetimes, in two other Cr ϩ4 /Td doped crystals. 36, 37 In particular, time-resolved fluorescence measurements reveal a temporal dependence of the relative intensity of the zero phonon line and the spectral Less than 1% of the estimated B 1 •B 1 was estimated considering a rectangular cavity with Qϳ1000 ͑cf. caption of Fig. 6͒ . structure observed at lower energy, following pumping of Cr:Fo at 532 nm. 36 Additionally, the luminescence observed after pumping at 1064 nm showed a nonexponential decay. 36 Such findings are in accordance with the additional higher rates found in the present work. Alternatively, the higher rates obtained via the temporal analysis may be associated with nonradiative processes, which may explain the weaker fluorescence yield reported for pumping the Cr:Fo at 532 nm as compared to 1064 nm, especially at high temperatures. 36, 38 The existence of long lifetimes of the excited states of the order of the radiative lifetimes may be indicative of very slow spectral diffusion between different sites, as was mentioned above. It is possible that spectral diffusion would be manifest for higher chromium concentrations and that this could be further addressed by laser-EPR measurements.
Despite the clear dependence of the nutational behavior upon the microwave power, the curve for each power was fitted separately. Unsatisfactory fits were obtained when trying to simultaneously minimize several experimental sets that were recorded under different microwave power following a similar optical excitation. This may suggest that the selectivity induced via the microwave irradiation may be reduced, e.g., higher powers sample more sites. For instance it was found that shorter T 2 values are required for fitting the transient magnetization profiles obtained under higher microwave power, e.g., T 2 ϭ0.76 and 2.26 s for 80 and 8 mW, respectively. Another indication for site discrimination by the microwave detection is the different off resonance contributions, reflected by the ⌬ parameter ͑Table I͒ that were found at each wavelength. Although most of the kinetic traces could be reasonably fit with negligible off resonance contributions, much better fits were sometimes obtained when allowing for excitations that were off resonance. However, we could not find any correlation between the ⌬ values and the experimental microwave power as would be expected for a broad EPR line which consists of nonoverlapping contributions as mentioned above.
Finally, the advantage of utilizing two exciting paths for each ground state sublevel over employing one broad excitation, and the lack of substantial improvement when further increasing the number of paths deserve a few words. Measurements of effects of uniaxial stress on the NIR fluorescence of Cr:Fo demonstrated pseudospectral splitting into two groups, indicative of Cr ϩ4 ions located in two equivalent sublattices. 19, 39 Those results further implied that the two sublattices are characterized with differently oriented dipoles, neither parallel to each other nor to any crystal axis. 19, 39 It might be expected that magnetophotoselection measurements, utilizing different light polarizations with respect to the crystallographic axes and the external magnetic field while detecting the transient nutation, would allow us to determine whether the two-site behavior observed in the present work is indeed related to the double sublattice structure. However, the preliminary measurements we have performed were not conclusive in that no significant effects were observed, possibly because of the crystal orientation used and/or the nonradiative relaxation processes involved, which could reduce the polarization effects. Careful magnetophotoselection measurements utilizing a range of crystal orientations may be required to address this point.
V. SUMMARY
This work shows the feasibility of transient EPR detection of photoexcited chromium doped forsterite. The spectral changes with time, magnetic field, crystal orientation, microwave power and in particular photoexciting wavelength, provide a selective picture of the various chromium dopants and the absorption-relaxation cycle associated with each optical excitation. Focusing on the lasing centers, small changes ͑less than a nanometer͒ in the exciting wavelength reversed the relative absorption cross section of the detected ground state sublevels, and was clearly reflecting changes in the decay of the excited states. The analysis, in its preliminary stages, related the changes in the transient EPR signals to variations in the tetrahedral sites of the Cr ϩ4 ions, and provided radiative as well as nonradiative time constants associated with the emission of Cr:Fo. Moreover, it was shown that optical depopulation of the detected levels is a sensitive probe for the site selective ground state absorption. In that regard, laser-EPR complements the optical measurements of resonant FLN effects which involve weak spectral intensities due to the relaxation of the excited states being monitored. 3 Similarly, the indirect repopulation processes as detected by EPR do not suffer from scattering effects associated with the pumping laser beam, which complicate the analysis in FLN studies. 3 As to what extent laser-EPR measurements could be employed in studying chromium-chromium interaction between different sites, and in associating a specific site structure with the excited state decay, is a subject for more detailed and comprehensive studies. It is conceivable that the laser-EPR technique may be also applicable for other transition metal ions doped in optically active materials.
It could also be of value to employ spin-echo detection techniques to complement the transient nutation detection used in the present work. 6, 40, 41 In this work both T 2 and the kinetic parameters were obtained from simultaneous leastsquares fits. In spin-echo detection one can separate the T 2 measurement from that of the kinetic parameters. On the other hand, the transient nutation provides a time dependent signal from each laser pulse, whereas the usual spin-echo methods just give a single datum, viz. the echo height. Also, one must use very weak microwave pulses to preserve the site selectivity.
